Objective. Low-grade bone marrow edema (BME) has been reported in the sacroiliac (SI) joints of 25% of healthy individuals and patients with nonspecific mechanical back pain, thus challenging the specificity and predictive value of magnetic resonance imaging (MRI) for the discrimination of early spondyloarthritis (SpA). It is unknown whether stress injury in competition sports may trigger BME. This study sought to explore the frequency and anatomic distribution of SI joint MRI lesions in recreational and elite athletes.
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Objective. Low-grade bone marrow edema (BME) has been reported in the sacroiliac (SI) joints of 25% of healthy individuals and patients with nonspecific mechanical back pain, thus challenging the specificity and predictive value of magnetic resonance imaging (MRI) for the discrimination of early spondyloarthritis (SpA). It is unknown whether stress injury in competition sports may trigger BME. This study sought to explore the frequency and anatomic distribution of SI joint MRI lesions in recreational and elite athletes.
Methods. After pretest calibration, semicoronal MRI scans of the SI joints of 20 recreational runners before and after running and 22 elite ice hockey players were assessed for BME and structural lesions. Three readers assessed the MRI scans in a blinded manner, using an SI joint quadrant-based module; scans from tumor necrosis factor inhibitor-treated patients with SpA served for masking. The readers recorded subjects who met the Assessment of SpondyloArthritis international Society (ASAS) definition of active sacroiliitis. For descriptive analysis, the frequency of SI joint quadrants exhibiting BME and structural lesions, as concordantly recorded by ≥2 of 3 readers, and their distribution in 8 anatomic SI joint regions (the upper and lower ilium and sacrum, subdivided in anterior and posterior slices) were determined.
Results. The proportions of recreational runners and elite ice hockey players fulfilling the ASAS definition of active sacroiliitis, as recorded concordantly by ≥2 of 3 readers, were 30-35% and 41%, respectively. In recreational runners before and after running, the mean AE SD number of SI joint quadrants showing BME was 3.1 AE 4.2 and 3.1 AE 4.5, respectively, while in elite ice hockey players, it was 3.6 AE 3.0. The posterior lower ilium was the single most affected SI joint region, followed by the anterior upper sacrum. Erosion was virtually absent.
Conclusion. In recreational and elite athletes, MRI revealed BME in an average of 3-4 SI joint quadrants, meeting the ASAS definition of active sacroiliitis in 30-41% of subjects. The posterior lower ilium was the single most affected SI joint region. These findings in athletes could help refine data-driven thresholds for defining sacroiliitis in early SpA.
Low-grade bone marrow edema (BME) in the sacroiliac (SI) joints has been reported in up to 25% of healthy individuals and patients with nonspecific low back pain, a finding that could challenge the diagnostic utility of magnetic resonance imaging (MRI) to discriminate these features from those of early spondyloarthritis (SpA) (1) (2) (3) (4) (5) (6) (7) . Hypotheses regarding the pathogenesis of BME lesions in individuals without axial SpA are manifold, one of them being repetitive strain injury to the axial skeleton. Knowledge with regard to the "background noise" of MRI features in the SI joints of healthy individuals with mechanical axial strain is of seminal importance to determine the intersection between normal variation and disease.
Athletes in sports disciplines that involve frequent direct or torsional impact on the axial skeleton, such as runners, ice hockey players, or football players, may serve as a model to determine whether cumulative strain injury to the pelvic ring may translate into MRI features such as BME or structural lesions in the SI joints. Not only the frequency of strain-related BME or structural changes in the SI joints, but also the recognition of potential anatomic clusters of such lesions would assist in defining the "background noise" of MRI lesions in healthy young individuals. A "reference range" of SI joint lesions in physically active healthy persons may help establish data-driven thresholds that would allow clinicians to discriminate from the lesion spectrum seen on SI joint MRI in patients with early axial SpA. A prerequisite to such an evaluation in athletes is an MRI assessment tool designed to evaluate the entire extent of the SI joint.
The Morpho module (2, 8) , derived from the Spondyloarthritis Research Consortium of Canada MRI index for SI joint inflammation in ankylosing spondylitis (9, 10) , is a technique that has been used to assess MRI lesions in the SI joints. This technique allows a semiquantitative 3-dimensional evaluation of the cartilaginous joint compartment, the common site for early inflammation in SpA (11, 12) . The module subdivides each SI joint into 4 quadrants (upper and lower iliac and sacral quadrants), resulting in a score for the binary assessment (presence versus absence) of lesions in each SI joint quadrant (range 0-8 lesions per MRI slice). This evaluation is reiterated on all consecutive SI joint MRI slices (usually 6-8 slices) covering the entire extent of the cartilaginous compartment (5). This quadrant-based approach to MRI assessment of pathologic features in the SI joints not only provides a semiquantitative estimate of lesion frequency but also serves to explore potential lesion clustering according to SI joint quadrants and/or according to whether they are present in the anterior or posterior slices of the cartilaginous compartment.
The goal of this study was to explore the frequency and anatomic distribution of BME and structural lesions in the SI joints of athletes potentially experiencing axial strain intensity, ranging from recreational runners to elite ice hockey players, using a semiquantitative MRI assessment module to assess the presence of these features in the SI joints.
SUBJECTS AND METHODS
Subjects. The study sample consisted of 2 separate cohorts of athletes ages 18-40 years, comprising 20 healthy recreational runners and 22 professional ice hockey players from the same geographic area in Northern Denmark. The recreational runners (12 women and 8 men) were recruited from among the staff of a regional Danish hospital through advertisements in the periodical for employees and through flyers in the hospital canteen, as well as by advertisement in teaching colleges for young adults in the same town. An individual outdoor running event aimed at maximum possible effort (covering a mean distance of 6.2 km over a mean duration of 35.4 minutes, resulting in a mean speed of 10.4 km/ hour, as measured by pedometer and stopwatch) was used to measure the runners' physical performance. In addition, vital parameters were monitored by portable electronic devices. MRI scans of the SI joints in recreational runners were obtained before and 24 hours after running.
Elite ice hockey players were recruited from a Danish premier league team, with athletes from Denmark and players contracted from foreign hockey leagues. SI joint MRI scans from a single time point were obtained in the last month, or shortly thereafter, of the competitive season, which involved daily high-intensity training sessions and professional matches.
Exclusion criteria that were applied both to the recreational runners and to ice hockey players were as follows: contraindications to MRI, such as implanted electronic devices or claustrophobia; pregnancy; previous pelvic or hip surgery; previous or current treatment for low back pain; history of systemic inflammatory conditions; and clinical features indicative of SpA, such as uveitis confirmed by an ophthalmologist, cutaneous psoriasis, inflammatory bowel disorder, or synovitis. The athletes underwent physical examination inclusive of height and weight measures.
The study protocol was approved by the North Denmark Region Committee on Health Research Ethics (approval nos. N-20110082 for runners and N-20140066 for ice hockey players). All study subjects provided written informed consent.
MRI protocol. SI joint MRI scans were performed on a 1.5T Philips Achieva scanner. The scans included a semicoronal T1-weighted spin-echo (T1SE) sequence, with time to recovery (TR) of 535 msec, time to echo (TE) of 14 msec, slice thickness of 4 mm, interslice space of 0.4 mm, and 240 9 240-mm field of view (FOV), and a short tau inversion recovery (STIR) sequence, with TR of 2,489 msec, TE of 68 msec, inversion recovery of 170 msec, slice thickness of 4 mm, interslice space of 0.4 mm, and 200 9 200-mm FOV.
Evaluation of SI joint MRI scans. Three readers (2 musculoskeletal radiologists [AGJ and AZ] and 1 rheumatologist with >10 years of experience in imaging in SpA [UW]) who were blinded with regard to subject identifiers independently scored 5 lesion types (BME, fat metaplasia, erosion, ankylosis, and bright joint space signal) according to the quadrant-based Morpho module for assessment of SI joint MRI (2, 8) . The pooled SI joint MRI scans obtained from both cohorts of athletes were read in random order on electronic work stations. Paired images from recreational runners were read with the time points masked. To ensure blinded readings, 7 MRI scans (with paired images from 2 patients) from patients with nonradiographic axial SpA who were receiving treatment with tumor necrosis factor (TNF) inhibitors served to mask the readings. For pretest reader calibration, we used SI joint MRI scans from 11 patients with nonradiographic axial SpA or ankylosing spondylitis with active sacroiliitis, 8 healthy volunteers, and 1 patient with nonspecific back pain.
MRI scores for all slices showing the cartilaginous joint compartment were entered into a customized online data entry module, featuring a quadrant-based schematic of both SI joints. Furthermore, readers assessed whether an MRI scan met the definition of active sacroiliitis as proposed by the Assessment of SpondyloArthritis international Society (ASAS) (13) .
Standardized lesion definitions on SI joint MRI. The Morpho scoring module to evaluate SI joint MRI lesions has been described previously (2, 5, 8) . It contains definitions of standardized lesions that are illustrated by annotated reference images. SI joint lesions are scored in a binary mode (present versus absent) per joint quadrant or per joint half. Each SI joint is subdivided by virtual lines into an upper half and lower half on the iliac and sacral sides, summing up to 8 SI joint quadrants on each MRI slice (upper and lower iliac and sacral quadrants, right and left joints).
Four lesion types were read according to standardized Morpho lesion definitions (2, 5, 8) : BME, fat metaplasia, and erosion according to each SI joint quadrant (range 0-8 lesions per MRI slice), and ankylosis per joint half (range 0-4 lesions per MRI slice). BME was defined as an increase in bone marrow signal in the SI joint on STIR images, and fat metaplasia was defined as a focal increased signal in bone marrow on T1SE images. For both lesion types, the center of the sacrum at the same craniocaudal level was used as the primary reference for normal bone marrow signal. We defined joint erosion as full-thickness loss of dark appearance of either iliac or sacral cortical bone of the SI joint, and change in normal bright appearance of adjacent bone marrow on T1SE images; adjacent bone marrow demonstrates altered signal intensity on T1SE images as compared with normal iliac marrow (for iliac erosions) or normal sacral marrow (for sacral erosions) on the same slice at the same craniocaudal level.
Ankylosis was defined as the presence of bright signal on T1SE images, extending across the SI joint. An additional lesion type, referred to as bright joint space signal, was scored according to joint halves (range 0-4 lesions per slice). Bright joint space signal on STIR sequence was defined by an increased joint space signal of ≥1 cm compared to the reference signal in the trabecular bone in the center of the sacrum on the same level, or if not visible, on the most adjacent level; the extent of signal intensity could vary, ranging from more intense than the reference trabecular bone signal, to the high signal intensity of cerebrospinal fluid. Reference images were used to calibrate the readings.
Statistical analysis. Data description. Demographic and clinical characteristics of the study subjects were analyzed descriptively. The frequency of MRI lesions, with data pooled over the 3 readers, was described as the median (interquartile range) or mean AE SD number of affected SI joint quadrants, both at the group level and according to the 8 SI joint regions, as defined below. In addition, the number (percentage) of subjects whose SI joint MRI scan met the ASAS definition of active sacroiliitis, as concordantly reported by the majority of readers (≥2 of 3 readers), was determined, as well as the mean AE SD number of SI joint quadrants affected by BME.
Determination of reader agreement. The interobserver reproducibility for the identification of the 5 MRI lesion types (BME, fat metaplasia, erosion, ankylosis, and bright joint space signal) was calculated for the calibration readings and for the readings of each athlete's scans. For this calculation, the mean intraclass correlation coefficient (ICC) for 3 reader pairs was determined, utilizing the ICC(3,1). The ICC(3,1) model, among the 6 ICC variants, considers the study readers to be a fixed sample not representative of a larger population of readers (14) (15) (16) . ICC values of >0.4, >0.6, >0.8, and >0.9 were regarded as reflective of moderate, good, very good, and excellent reproducibility, respectively. The mean concordance (Cohen's kappa coefficient) between the 3 observers with regard to the presence or absence of ASAS-defined active sacroiliitis on SI joint MRI (13) was interpreted as follows: j < 0.2 for slight concordance, 0.2 ≤ j < 0.4 for fair concordance, 0.4 ≤ j < 0.6 for moderate concordance, 0.6 ≤ j < 0.8 for substantial concordance, and 0.8 ≤ j < 1 for almost perfect concordance (17) .
Distribution of MRI lesions across 8 anatomic SI joint regions. The right and left SI joints were collapsed into 4 anatomic regions, the upper and lower sacral and iliac regions, respectively, which contained all consecutive MRI slices displaying the cartilaginous joint compartment. Each region was further subdivided into an anterior and posterior part by splitting all MRI slices of the cartilaginous compartment into equal halves (an extra slice was added to the posterior part in case of an odd slice number), resulting in 8 anatomic SI joint regions: anterior and posterior upper and lower sacral regions, and anterior and posterior upper and lower iliac regions. We calculated the number (percentage) of subjects having ≥1 up to ≥20 SI joint quadrants displaying BME or fat metaplasia for each of the 8 SI joint regions.
To enhance specificity, only SI joint quadrants with BME or fat metaplasia that was concordantly reported by the majority of readers (≥2 of 3 readers) were taken into account. The individually variable upper range of affected quadrants per SI joint region and per subject is determined by the number of SI joint slices through the entire cartilaginous joint compartment, which is dependent on body size. In subjects with smaller frames, the cartilaginous SI joint compartment is depicted by 5-6 slices, while 7-10 slices are needed for larger individuals, according to standard MRI protocols, applying a 4-mm slice thickness. As an example, for an individual with 8 cartilaginous SI joint slices, the upper range of quadrants in each of the 8 SI joint regions is 8, resulting in an upper range per subject over all 8 SI joint regions of 64.
Comparative analyses as a secondary outcome. Correlation between SI joint quadrants with BME and fat metaplasia, collapsed over 3 readers, was assessed using Spearman's correlation coefficients (any correlation below 0.5 was considered weak or nonexisting). Tests were performed for 8 SI joint regions separately and collapsed over regions. Wilcoxon's signed rank test served to compare SI joint quadrants with BME in runners before and after running, and Wilcoxon's rank sum test was used to compare runners after running and elite ice hockey players, with the data being collapsed over all readers and collapsed both over all 8 SI joint regions and separately for each region. We calculated unadjusted P values as well as P values adjusted for the number of tests performed within a single scientific question. A test result was considered statistically significant only if the P value was lower than the Bonferroni-corrected significance level, i.e., 0.05 divided by the number of tests performed for a given scientific hypothesis.
We used R Core Team 2017, version 3.3.3, for statistical analysis.
RESULTS
Characteristics of the study subjects. Age and body mass index (BMI) were comparable across the 2 cohorts of athletes. For recreational runners and ice hockey players, the mean AE SD age was 27.2 AE 5.4 years and 25.9 AE 4.6 years, respectively, and the mean AE SD BMI was 22.6 AE 1.5 kg/m 2 and 25.7 AE 1.6 kg/m 2 , respectively.
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Frequency of SI joint MRI lesions. The mean AE SD number of SI joint quadrants showing BME (MRI readings pooled over 3 readers) was 3.1 AE 4.2 and 3.1 AE 4.5 in recreational runners before and after running, respectively, and 3.6 AE 3.0 in ice hockey players (Table 1) . Fat metaplasia was recorded less frequently than BME in the athletes. The mean AE SD number of SI joint quadrants affected by fat metaplasia was 1.8 AE 5.9 and 1.9 AE 5.2 in recreational runners before and after running, respectively, and 0.8 AE 2.1 in ice hockey players (Table 2) .
Bright joint space signal per SI joint half was reported in a mean AE SD 1.0 AE 2.3 and 1.1 AE 2.7 SI joint halves in recreational runners before and after running, respectively, and 0.9 AE 1.7 SI joint halves in ice hockey ) and mean AE SD number of sacroiliac (SI) joints affected with bone marrow edema (BME) was pooled over 3 readers. † The number of all subjects affected can be lower or higher than the summed number of subjects over 8 SI joint regions on the same level, because 1) an individual subject may show BME in several SI joint regions, and 2) ≥2 of 3 readers may agree on the presence of a lesion in different SI joint regions among several individuals. The sum of individuals across all SI joint regions equals the sum of all subjects. ‡ Represents the number (%) of recreational runners before and after running who had from ≥1 SI joint quadrant up to ≥16 and ≥15 joint quadrants, respectively, affected with BME, and the number (%) of ice hockey players with up to ≥7 SI joint quadrants affected with BME, as concordantly reported by ≥2 of 3 readers across 8 SI joint regions and per subject. All levels are displayed where ≥1 item has a value of >0.
players. Erosion was rare among the 2 cohorts of athletes: 2 readers concordantly reported 1 erosion each in 3 runners, and 1 ice hockey player showed 1 erosion that was identified by all 3 readers. SI joint ankylosis was not observed among the athletes. The proportion of individuals whose SI joint MRI scans showed ≥2 SI joint quadrants with BME, as concordantly reported by ≥2 of 3 readers, was 50.0% and 55.0% of recreational runners before and after running, respectively, and 63.6% of ice hockey players. The proportion of subjects meeting the ASAS definition for active sacroiliitis, as concordantly recorded by ≥2 of the 3 MRI readers, was 7 (35.0%) and 6 (30.0%) of the 20 recreational runners before and after running, respectively, and 9 (40.9%) of the 22 ice hockey players. The mean AE SD number of SI joint quadrants affected by BME was 5.4 AE 5.6 and ) and mean AE SD number of sacroiliac (SI) joints affected with fat metaplasia was pooled over 3 readers. † The number of all subjects affected can be lower or higher than the summed number of subjects over 8 SI joint regions on the same level, because 1) an individual subject may show fat metaplasia in several SI joint regions, and 2) ≥2 of 3 readers may agree on the presence of a lesion in different SI joint regions among several individuals. The sum of individuals across all SI joint regions equals the sum of all subjects. ‡ Represents the number (%) of recreational runners before and after running who had from ≥1 SI joint quadrant up to ≥20 joint quadrants affected with fat metaplasia, and the number (%) of ice hockey players with up to ≥5 SI joint quadrants affected with fat metaplasia, as concordantly reported by ≥2 of 3 readers across 8 SI joint regions and per subject. All levels are displayed where ≥1 item has a value of >0.
6.3 AE 6.4 in recreational runners before and after running, respectively, and 5.8 AE 2.8 in ice hockey players. Reliability of detection of SI joint lesions. Agreement among the 3 readers with regard to identification of BME on the SI joint MRI scans was excellent in calibration (mainly consisting of patients with active axial SpA; mean ICC 0.93, range 0.89-0.96) and moderate in the main readout (all athletes + 5 control patients with axial SpA receiving TNF treatment; mean ICC 0.59, range 0.50-0.66). Moreover, there were substantial differences in the readings of frequency of SI joint quadrants affected by BME: mean AE SD ICC 14.0 AE 18. Distribution of MRI lesions across 8 anatomic SI joint regions. Consistently across the 2 cohorts of athletes, the posterior lower ilium was the single most affected region with regard to the presence of BME as concordantly reported by ≥2 of 3 readers (Figure 1 ), followed by the anterior upper sacrum (Figure 2 ). These 2 regions not only had the highest proportion of study subjects with at least 1 quadrant with BME but also showed the highest BME load, with up to 7 affected quadrants per individual (Table 1) .
Fat metaplasia showed no clustering in certain SI joint regions (Table 2 ), which could be attributable to its rarity in the SI joints when compared to the presence of BME. Bright joint space signal was always unilateral (see Figure 1 . Bone marrow edema in the right posterior lower ilium. Two consecutive magnetic resonance imaging slices (anterior slice in upper panels, posterior slice in lower panels) from the sacroiliac (SI) joints of a 27-year-old male recreational runner show the single most affected SI joint region displaying bone marrow edema (arrows) on short tau inversion recovery (STIR) sequences (left panels). Corresponding signal loss (arrowhead) in the same location is visible on T1-weighted spin-echo (T1SE) sequences (right panels), which display the transition from the cartilaginous into the ligamentous joint compartment: the upper half of the right SI joint already shows the bright signal signature indicating the ligamentous compartment, while the lower joint half is still cartilaginous. The left SI joint shows ligamentous compartment throughout, due to tilted positioning of the subject in the magnet. Figure 2 . Bone marrow edema in the right anterior upper sacrum. Two consecutive magnetic resonance imaging slices (anterior slice in upper panels, posterior slice in lower panels) from the sacroiliac (SI) joints of a 35-year-old female recreational runner show the second most affected SI joint region displaying bone marrow edema (arrows) on short tau inversion recovery (STIR) sequences (left panels). Corresponding signal change (arrowheads) in the same location is visible on T1-weighted spinecho (T1SE) sequences (right panels), which represent the very anterior cartilaginous joint compartment; the presacral venous plexus is still visible, particularly over the left SI joint, and bowel loops are present.
Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/ doi/10.1002/art.40429/abstract). We localized bright joint space signal to the left SI joint in 16 (89%) of 18 athletes with ≥1 affected SI joint half (Table 3 ). The 4 single erosions concordantly reported by ≥2 of 3 readers to be present in 4 different athletes were seen in 4 different SI joint regions.
Comparative analyses. There was no P value smaller than the adjusted significance level for any correlation between SI joint quadrants with BME and SI joint quadrants with fat infiltration among the athletes; Spearman's correlation coefficients ranged from 0.51 to 0.56. Moreover, there was no change in SI joint BME load in runners before and after running (unadjusted Wilcoxon's signed rank P values ranging from 0.07 to 0.96). We observed unadjusted Wilcoxon's P values of 0.01 and 0.02 for the presence of BME in the anterior and posterior lower iliac regions, respectively, in SI joint quadrants affected by BME, favoring ice hockey players over runners. However, the corresponding Bonferroni-corrected P values were nonsignificant.
DISCUSSION
In this standardized reading exercise of SI joint MRI in 42 recreational runners and elite ice hockey players engaged in sports disciplines spanning a broad spectrum of axial strain intensity, BME was common, being identified in an average of 3-4 SI joint quadrants per subject. The ASAS definition of active sacroiliitis was met by 30-41% of athletes, as concordantly recorded by ≥2 of 3 readers. The same pattern of anatomic clustering of BME in the SI joints was consistently observed across both cohorts of athletes. The posterior lower ilium was the single most affected SI joint region for BME, followed by the anterior upper sacrum (Figures 1-3) . SI joint erosion was virtually absent in athletes. Moreover, fat metaplasia was relatively scarce, showing no topographic correlation with the more frequently observed BME lesions. These "background noise" findings on MRI of the SI joints of healthy young athletes may help refine data-driven thresholds for defining the presence of active sacroiliitis on SI joint MRI in early axial SpA.
The reason for frequently reported BME signals in the SI joints of physically active, healthy young individuals is not known. Potential explanations range from mechanical stress injury to the axial skeleton to anatomic SI joint variants and partial volume averaging from vascular signals. There is little evidence to indicate whether physical strain, e.g., from sports, heavy labor, being overweight, or multiparity, may trigger SI joint BME. Anatomic variants of the sacrum were reported in 58.1% of 203 specimens from a sample in Chinese adults (18) . Two common anatomic variants were sacral skewness, a curvature of the sacral axis in the frontal plane comparable to spinal scoliosis, in 23.6% of subjects and accessory auricular surface in 12.3%. There are virtually no data to support the notion that structural sacral variants might result in asymmetric load to the sacroiliac joints, comparable to the pattern of local spinal strain observed in scoliosis, or might evoke local signal changes on SI joint MRI in the case of accessory joints. Degenerative changes occurring in the SI joint might also operate as a potential source of SI joint BME (19) . However, data on systematic evaluation of degenerative MRI features in the SI joint are scarce, and it is not known whether this may be of major relevance in patients with early SpA, which is characterized by young age at disease onset.
Presumably, mechanically induced or strain-induced BME in the pubic symphysis region has been reported as a common feature in runners, football players, rugby players, and ice hockey players (20) (21) (22) (23) (24) (25) (26) . The correlation between clinical symptoms and MRI lesions, present either as incidental findings in asymptomatic athletes or as local or irradiating pain in professional players, was inconsistent. In a prospective study in Dutch elite runners with MRI performed both before and at the end of the competitive season, BME in the pubic symphysis area was found to fluctuate over time, and was most often not associated with the local pain syndrome called athletic pubalgia (24) . In another prospective study over 4 years in British elite academic soccer players, pubic BME was a regular finding in asymptomatic athletes, but was not predictive of injury or incident local pain (25) . A cross-sectional examination in symptomatic soccer players and controls, including asymptomatic soccer players and athletes from other disciplines, showed that pelvic MRI findings were significantly more frequent in soccer players compared with non-soccer players, irrespective of symptoms, suggesting that MRI changes may be associated with playing soccer itself, rather than clinical symptoms (26) . Evidence is sparse as to whether repetitive torsional strain of the pelvic ring in athletes might provoke BME lesions not only anteriorly in the symphysis region, but also potentially dorsally in the SI joints via propagation of biomechanical strain along the pelvic skeleton. Postpartum changes in the SI joints may represent another potential source of BME lesions in the SI joints. A retrospective study showed the presence of SI joint BME mostly in the lower iliac or sacral quadrants in 43 (46%) of 93 pelvic MRI scans from women who were pregnant or up to 6 months postpartum, with the appearance of diffuse edema being predictive of prolonged back pain (27) . Anecdotal evidence from 2 recent case illustrations suggested that postpartum SI joint BME in conjunction with iliitis condensans may persist up to 2 years after giving birth, accompanied by longstanding low back pain at least in some women (13, 28) . A recent retrospective case series of 27 patients with low back pain and incidental diagnosis of iliitis condensans confirmed the presence of SI joint BME preferentially on the iliac side in 13 (48.1%) of 27 women (29) .
The ASAS definition of active sacroiliitis was met on the MRI scans from 30-41% of our athletes, who showed on average 5-6 SI joint quadrants affected by BME. A cross-sectional analysis in 1,020 patients ages 18-40 years who were recruited from primary care, including those with persistent low back pain and an unknown proportion of patients with SpA, explored potential associations of various SI joint MRI lesions with clinical SpA features, inclusive of the presence of HLA-B27 and Creactive protein levels (6) . SI joint BME according to the ASAS definition was observed in 21% of patients, with a high proportion (42%) showing lesions of limited extent, defined as BME in <25% of subcortical bone area. BME of limited extent was not associated with any of the clinical features of the ASAS classification criteria but was associated with older age. In contrast, the finding of erosion in only 7.5% of back pain patients was significantly associated with clinically relevant features of SpA, such as the Figure 3 . Three-dimensional computed tomography reconstruction of a sacroiliac (SI) joint, illustrating the 2 regions most often affected by bone marrow edema. The sacrum is displayed by surface rendering, whereas the ilium (hashtag signs) has been transformed partially transparent. Upper, middle, and lower panels represent the anterior, posterior, and lateral views, respectively, of the SI joint. Asterisks demarcate the joint space, and the scout line over the auricular joint on the lateral view separates anterior from posterior SI joint regions. The lower ilium region in the posterior view is highlighted in red (arrows), and projected onto the sacral joint surface (lighter red; arrowheads) in the transparent ilium on the lateral view. The anterior upper sacrum region is highlighted in green (arrows).
presence of HLA-B27 and response to nonsteroidal antiinflammatory drugs, but not with age. These findings support the growing evidence suggesting that low-grade SI joint BME has limited specificity when applied to young patients with longstanding back pain from primary care, resulting in excess positive diagnoses of axial SpA when based on BME of limited extent alone. Nevertheless, the data emphasize the crucial importance of contextual assessment of SI joint MRI simultaneously for active and structural lesions, with recognition of erosion being key, owing to high specificity.
In our current study of athletes, SI joint erosion was virtually absent. Erosion was recorded in only 4 of 42 study subjects, as a single lesion observed in each of 4 different SI joint regions. This finding is consistent with previous reports suggesting the high specificity of erosion in the recognition of early axial SpA (2, 5, 30) . In addition, erosion without concomitant BME on SI joint MRI was consistently observed in~10% of patients with early axial SpA who showed normal or equivocal findings on pelvic radiography (2, 31) .
Fat metaplasia was less common than BME in our study sample. In addition, we failed to show a topographic correlation of fat metaplasia with BME in athletes, both according to SI joint region and on the level of individual subjects, suggesting that fatty SI joint lesions in healthy individuals may not be associated with previous or current BME. In contrast, prospective data over 2 years and 3 years in patients with early axial SpA demonstrated an association between SI joint BME and the development of fat metaplasia, preferentially in SI joint quadrants showing resolution of BME over time (32, 33) .
Our supplementary lesion definition of bright joint space signal on unenhanced SI joint MRI showed good reliability and was reported in at least 2 SI joint halves in 10-14% of athletes. However, the possibility of an MRI artifact cannot be excluded, as nearly all bright signals were observed only in the left SI joint space. A retrospective study explored the diagnostic utility of joint space signal variants on unenhanced SI joint MRI in 363 outpatients clinically suspected of having SpA (34) . "Fluid signal," defined as linear high signal intensity filling the midcartilaginous joint space on STIR images, was present in 19.2% of patients classified as having SpA and 4.7% of patients without SpA, resulting in a moderate positive likelihood ratio of 4.1. Interreader agreement was good (j = 0.65). The aggregate evidence does not add support for the notion that bright SI joint signal on unenhanced SI joint MRI is reliably reflective of joint space inflammation suggestive of axial SpA.
Our study in healthy individuals with regular moderate-to-high-intensity physical strain to the axial skeleton elucidates several aspects of "background noise" or "reference range" when defining data-driven lesionbased MRI thresholds for recognition of early sacroiliitis indicative of axial SpA. BME lesions in an average of 3-4 SI joint quadrants, clustering of SI joint BME in the posterior lower ilium and to a lesser extent in the anterior upper sacrum, the high specificity of SI joint erosion, and the lack of correlation between SI joint fat metaplasia and BME in athletes are candidate items to consider for incorporation into a comprehensive definition of what constitutes a positive SI joint MRI in early axial SpA. Whether complementary axial SI joint slices perpendicular to traditional semicoronal MRI scans may assist to discriminate the features of noninflammatory BME, attributable, for example, to enthesial strain, vascular signals, or variants in joint anatomy, remains to be investigated in future studies.
Limitations of our study include the small sample size, and the lack of data from subjects with other conditions that may potentially confound the lesion signature on SI joint MRI, such as multiparity or heavy labor work. Strengths are the independent assessment of SI joint MRI by 3 blinded readers, representing both radiology and rheumatology specialties, a standardized quadrant-based assessment of SI joint lesions, and data analysis based on concordance by a majority of readers to enhance specificity.
In conclusion, recreational and elite athletes showed BME in the SI joints in, on average, 3-4 SI joint quadrants, clustering in the posterior lower ilium and to a lesser extent in the anterior upper sacrum, while SI joint erosion was virtually absent. The ASAS definition of active sacroiliitis was met by 30-41% of athletes. These "background noise" findings in physically active, healthy young adults may help refine lesion-based thresholds toward a data-driven contextual MRI definition of sacroiliitis suggestive of early axial SpA.
